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(57) Abstract 

An exemplary cunent limiting device comprises 
firrt and second electrodes; a composite material between 
liie first and second elecmxles, the composite material 
conqirising: (a) a binder, and (b) an electrically conduc- 
tive fillen a thin layer which provides an inhomogeneous 
distribution of resistance to the device; a web which rein- 
forces the composite material; and a pressurizer for press- 
ing the electrodes against the composite material: wherein 
the web is disposed in a volume of the composite mate- 
rial which does not include the thin layer. The current 
limiting device is simple and reusable, and can be tai- 
lored to a plurality of applications, including high volt- 
age/cunem distribution systems, to protect sensitive com- 
ponents from high fault currents. The device has a ro- 
bust structure which allows It to rq)eatEdly witfistand the 
high mechanical and thermal stresses which typically ac- 
company switching events in high voltage/current circuits. 
The robust stractuc improves the lifetime of die device 
and provides impact resistance to die device. The device 
operates wiOiout relying on the PTCR effect to limit cur- 
rent. 
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CURRENT LIMITING DEVICE HAVING A WEB STRUCTURE 



BACKGROUND 

1,.Field of the Invention _ ^ 

5 This invention relates generally to devices for general circuit protection 
including electrical distribution and motor control applications* more 
particularty to simple, reusable, potentially low cost devices that can be 
tailored to a plurality of applications, and most parUculariy to cun^nt limiting 
devices for relatively high power applications where the system voltage is 
10 equal to or greater than 100V and the short-circuit current is equal to or 
greater than 100A utilizing an electrically conductive composite material and 
an inhomogeneous distribution of resistance structure. 

2. Description of the Related Art 

There are numerous devices that are capable of limiting the cun-ent in a circuit 
15 when a short-circuit occurs. One current limiting device presently being used 
includes a filled polymer material which exhibits what is commonly referred to 
as a positive-temperature coefficient of resistance f PTCR" or "PTC") effect 
The unique attribute of the PTCR effect is that at a certain switch temperature 
the PTCR material undergoes a transformation from a more conducting 
20 material to a more resistive material. In some of these prior current limiting 
devices, the PTCR material, typically polyethylene loaded with carbon black, 
is placed between pressure contact electrodes. 

In operation, these prior current limiting devices are placed in the circuit to be 
protected. Under normal circuit conditions, the current limiting device is in a 
25 highly conducting state.' When a short-circuit occurs, the PTCR material 
heats up through resistive heating until the temperature is above the switdi 
temperature. At this point, the PTCR material resistance changes to a high 
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resistance state and the short-circuit current is limited. When the short-circuit 
IS cleared, the current limiting device cools down to below the switch 
temperature and returns to the highly conducting state. In the highly 
conducting state, the current limiting device is again capable of switching to 
5 the high resistance state in response to future short-circuit events. Examples 
of patents which disddse PTCR materials include U.s: Patent N6s. 5.382,938 
and 5,313.184. and European Patent No. 0 640 995 Al . 

Current limiting devices based on the PTCR effect are typically designed for 
low power circuit applications, e.g., for a maximum current density of less than 

10 10 AJcm\ Other current limiting devices are known for higher power 
applications. For example, commonly-owned U.S, Patent No. 5,614.881 to 
Duggal et al. disdoses a current limiting device comprising an electrically 
conductive composite material which indudes an electrically conductive filler, 
two elec^des positioned adjacent to the composite material, an 

15 inhomogeneous distribution of resistance structure, and means for exerting 
compressive pressure on the electrically conductive composite material. In 
this device, the composite material does not rely on the PTCR effect to limit 
the current during a switching event 

The current limiting device described in the Duggal patent (5,614,881) is 
20 believed to effectively limit the cun-ent during a switching event by resistive 
heating of a high resistance thin layer followed by rapid thermal expansion 
and gas evolution from the binding material, which leads to a partial or 
complete physical separation of the curent limiting device. The separation 
produces a higher overall device resistance to electric current flow which 
25 limits the flow of current through the short-circuited current path. 

Although the current limiting device described in the Duggal patent 
(5,614,881) operates effectively to limit cun-ent, a high power switching event 
typically produces large mechanical stresses on the cun-ent limiting material. 
Thus, an advantageous feature of such a current limiting device is the ability 
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to repeatedly withstand the high stresses caused by multiple high power 
switching events. 



SUMMARY 

A cuR-ent limiting device, according to an exemplary embodiment of the 
5 invention, comprises first and second electrodes; a composite material 
between the first and second electrodes, the composite material comprising: 
(a) a binder, and (b) an electrically conductive filler; a thin layer which 
provides an inhomogeneous distribution of resistance to the device; a web 
which reinforces the composite material; and a pressurizer for pressing the 
10 electrodes against the composite matierial, wherein the web is disposed in a 
volume of the composite material which does not include the thin layer. 

According to another embodiment, the current limiting device comprises first 
and second electrodes; a composite material between the. first and second 
electrodes, the composite material comprising: (a) a binder, and (b) an 
15 electrically conductive filler; a web disposed in the composite material, the 
web t>eing formed of an electrically insulative material; a thin layer which 
provides an inhomogeneous distribution of resistance to the device; and a 
pressurizer for pressing the electrodes against the composite material. 

According to a further embodiment, the current limiting device comprises first 
20 and second electrodes; a composite material between the first and second 
electrodes, the composite material being in the form of a web, the composite 
material comprising: (a) a binder, and (b) an electrically conductive fillen a 
compressible material which occupies spaces within the web; and a 
pressurizer for pressing the electrodes against the composite material. 

25 Exemplary embodiments of the invention provide a simple, reusable current 
limiting device that can be tailored to a plurality of applications, including high 
voltage/current distribution systems, to protect sensitive components from 
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high fault currents. The device has a robust structure which allows it to 
repeatedly withstand the high mechanical and thermal stresses which often 
accompany switching events in high voltage/current circuits. The robust 
structure improves the lifetime of the device and provides impact resistance to 
the device. The device can operate without relying on the PTCR effect to limit 
current 

BRIEF DESCRIPTION OF THE DRAWINGS 

Other features and advantages of the invention will be apparent from the 
following detailed description and the accompanying drawings, in which: 

Figure 1 illustrates a current limiting device according to a first embodiment of 
the Invention; 

Figure 2 illustrates a current limiting device according to a second 
embodiment of the invention; 

Figure 3 illustrates a current limiting device according to a third embodiment 
of the invention whidi includes a web-shaped composite material; and 

Rgure 4 illustrates a current limiting device according to a fourth emt)odiment 
of the invention in which the composite material is fomned in two halves. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

A current limiting device, according to exemplary embodiments of the 
invention, includes a composite material comprising a low pyrolysis or 
vaporization temperature binder and an electrically conductive filler. The 
current limiting device may also comprise a reinforcing web or mesh, or the 
composite material may be in the form of a web or mesh. The binder is 
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typically chosen such that significant gas evolution occurs at a low pyrolysis or 
. vaporization temperature, e.g., less than 800X, typically less than 400**C. 
The conductive filler may comprise an electrically conductive material such as 
silver, niclcel, aluminum, titanium boride, graphite, or carbon black, for 
5 example. The device preferably includes at least one selected thin layer 
which has a higher resistance than the resistance of an average layer of the 
same thickness and orientation of the current limiting device, and thus 
provides an inhomogeneous distribution of resistance to the device. The thin 
layer typically includes a portion of the composite material. 

It is believed that the advantageous results of the invention are obtained 
because, during a short-circuit event, resistive heating of this selected thin 
layer, which may be adiabatic, followed by rapid thermal expansion and gas 
evolution from the binding material, leads to a partial or complete physical 
separation of the current limiting device at the selected thin layer which 
produces a higher over-all device resistance to electric current flow. Thus, the 
current limiting device limits the flow of current through the short-drcuited 
current path. When the short-circuit is cleared, e.g. by external means, it is 
believed that the current limiting device regains its low resistance state due to 
the compressive pressure built into the current limiting device, allowing 
electrical current to flow normally. The current limiting device is reusable for 
many such short circuit conditions, depending upon such factors, among 
others, as the severity and duration of each short circuit event. 

A first emlxKliment of the invention is shown in Figure 1 . The current limiting 
device 100 includes first and second electrodes 110, 112 and an electrically 
25 conductive composite material 120 positioned between the electrodes. For 
clarity, the current limiting device in Figures 1-4 is shown in an exploded view. 
The composite material 120 includes an electrically conductive filler and a 
binder having a low pyrolysis or vaporization temperature. Examples of 
materials which can be used to fomi the composite material 120 are 
30 described below. 

5 



10 



15 



20 



wo 00^0177 



PCT/US99/17695 



As described in U.S. Patent No. 5,614.881 » which is hereby incorporated by 
reference in its entirety, the current limiting device is fonmed to have an 
inhomogeneous distribution of resistance structure. The inhomogeneous 
distribution of resistance is typically provided by at least one thin layer of the 
5 current limiting device which is positioned perpendicular to the direction of 
cunrent flow and has a higher reisistance than the average resistance for an 
average layer of the same thickness and orientation in the device. 

As shown in Figure 1, the thin layer 124 may be a layer which includes 
opposing surfaces of the composite material 120 and one of the electrodes 

10 110, 112, wherein the higher resistance derives from the contact resistance 
between the electrode and composite material. "Contact resistance" refers to 
the resistance which results from the juxtaposition of two surfaces which have 
a certain degree of roughness. According to other emlx>diments of the 
invention, the thin layer is formed in a central region of the composite 

15 material, for example by pressing together two half pieces of the composite 
material. Figure 4 illustrates such an embodiment having a thin layer 124'. 
The contact resistance between the two half pieces 120' provides the 
increased resistance, thin layer 124*. As will be recognized by those skilled in 
the art. the thin layer can be located anywhere between the electrodes. 

20 Those skilled in the art will also recognized that the present invention is hot 
limited to the single composite material, two electrode version shown in Figure 
1, but can include multiple composite materials and more than two electrodes. 

The thin layer typically has a thickness of about 10-200 ^m, regardless of the 
total thickness of the composite material 120, and exhibits a resistance that is 

25 typically at least about 10% greater than the resistance of an average layer of 
ttie same ttitckness and orientation in the device. Alternative ways of creating 
the higher resistance thin layer 124 include: providing a lower number of 
conductive filler particles in tiie thin layer that carry electric cun-ent; 
roughening the composite material or the electrode or both at their interfece 

30 so that only a subset of the conductive filler particles that would normally carry 
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current are utilized; reducing the cross-sectional area of the composite 
material perpendicular to the current flow in a selected region, and pladng a 
layer of non-conducting material (e.g. < 1 ^m. typically < 100 nm) between the 
electrode and composite material or between the two halves of composite 
5 material 120' in Figure 4. 

Referring again to Figure 1, the current limiting device is preferably under 
compressive pressure in a direction perpendicular to the selected thin high 
resistance layer 124, as indicated by the arrows labeled "P". The composite 
material 120 Is typically pressure contacted to the electrodes so that there is a 
10 contact resistance between the composite material 120 and one or both 
electrodes 110, 112. In operation, the device 100 is placed.in series with the 
electrical circuit to be protected. The pressure may be provided by any 
conventional compressible device or pressurlzer such as a mechanical spring, 
a gas spring, a pneumatic spring, etc. 

15 As shown in Figure 1, the current limiting device 100 also includes a 
reinforcing web 130 which is disposed within the composite material 120. The 
web 130 typically takes the form of a three-dimensional network of connected, 
continuous strands. The strands of the web 130 may comprise a metal such 
as nickel, aluminum, silver, or copper, for example. The strands of the web 

20 130 may also comprise glass, fiberglass, nylon, polyester, graphite fibers, 
boron fibers, cotton, modified cotton, rayon, cellulose, a cellulose derivative, 
an acrylic, polycarbonate, polyurethane, or a polyaramid (KEVLAR). 
Preferably, the web 130 comprises a material which is compatible with the 
composite material 120, and which is stable at temperatures encountered 

25 during a switching event. 



The strands of the web 130 typically are connected to one another at a 
plurality of nodes to form a network structure which provides strength to the 
composite material 120. The network structure may have a regular pore 
structure between strands. One example of a web which can be used is 
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INCOFOAM nickel foam, available from Inco Corp. in Sudbury. Ontario, 
Canada. Webs made of the other materials described above (e.g. glass, 
fiberglass, nylon, etc.) are commerdally available In a wide variety of strand 
diameters and opening sizes. In Figure 1, the size and configuration of the 
5 web 130 relative to the size of the composite material 120 is provided as one 
example! However, those sidlled in the art wilf readily appreciate that ottier 
configurations are possible. 

The web 130 may also be generally in the form of a two-dimensional mesh, if 
desired. By "two-dimensional" is meant that the mesh occupies a plane and 

10 has a small, non-zero thickness. The two-dimensional mesh can be located 
within the composite material parallel to the electrodes, for example. The 
current limiting device can be formed by laminating the two-dimensional mesh 
between two pieces of composite material. Of course, a plurality of layers of 
mesh at different locations in the composite material can be used for 

15 enhanced strength. 

The web 130 provides reinforcement to the composite material 120 to prevent 
cracking or breaking of the composite material 120 during a switching event, 
in which a substantial amount of energy is typically directed to the composite 
material 120. The web 130, according to this embodiment, occupies a partial 

20 volume of the composite material 120 such that it does not occupy the thin 
layer 124 of higher resistance, e.g., the region in the composite material 120 
adjacent to the electrodes 110, 112. The composite material 120 thus 
includes at least one web-free region 122, as shown In Figure 1, which 
typically coincides with ttie thin layer 124. The web-free region 122 in the. 

25 composite material 120 allows the composite material 120 to reform Into its 
nonseparated state after a switching event, due to the pressure "P" applied to 
the electrodes, without any physical interference from the web 130. The web 
130 can thus be formed of a rugged material such as copper or nickel, which 
does not ablate during a switching event, for enhanced strength. 
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During normal operation, the resistance of the current limiting device 100 is 
low. In this exanrtple, the resistance of the current limiting device 100 would 
be equal to the resistance of the composite material 120 and web 130 plus 
the resistance of the electrodes 110, 112 plus the contact resistance between 

5 the composite material and the electrodes. When a short-circuit occurs, a 
high current density starts to flow through the device 100. In the initial stages 
of the short-circuit, the resistive heating of the device may be adiabatic. Thus, 
it is believed that the selected thin, more resistive layer 124 of the current 
limiting device 100 (e.g. the layer of composite material adjacent to the 

10 electrode) heats up much faster than the rest of the current limiting device. 
The resistive heating is followed by riapid thermal expansion and gas evolution 
from the composite material. 

The thermal expansion and gas evolution lead to a partial or complete 
separation at the thin layer 124, e.g. between the electrode and the composite 

15 material. Parts of the composite material 120 in the thin layer 124 ablate and 
produce gas products. The gas products cause separations within the thin 
layer 124. The separations produce gaps in the thin layer 124 and a higher 
switched resistance. The result of these separations is reduced electrical 
connectivity at the thin layer 124. For example, conductive particles of the 

20 conductive filler material may be separated from one another, reducing 
electrical connectivity of conductive particles in the thin layer and increasing 
ttie resistance of the thin layer. 

In this separated state, it is believed that ablation of the composite material 
120 occurs, and arcing between the separated layers of the current limiting 

25 device can occur. The overall resistance of the device in the separated state 
is typically much higher Uian in the nonseparated state. The ratio of the 
switched resistance to the initial resistance may be, for example, from 10 to 
1000 or more. The high arc resistance is believed to be due to the high 
pressure generated at the thin layer 124 by the gas evolution from the 

30 composite material 120 combined with the deionizing properties of the gas. 
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In any event, the current limiting device 100 is effective in limiting the short- 
circuited current so that the other components of the circuit are not hamied by 
the short circuit. 

After the short-circuited current is interaipted, the current limiting device 
5 returns or reforms into Its nonseparated state due to compressive pressure P 
which acts to push the separated layers together. Once the layers of the 
current limiting device have returned to the nonseparated state or the low 
resistance state, the current limiting device is fully operational for future 
current-limiting operations in response to other short-circuit events. 

10 Alternate emtx>diments of the current limiting device can be made by 
employing a parallel current path containing a resistor, varistor, or other linear 
or nonlinear elements to achieve goals such as controlling the maximum 
voltage that may appear across the current limiting device in a particular 
circuit or to provide an attemative path for some of the circuit energy in order 

15 to increase the usable lifetime of the current limiting device. 

Figure 2 illustrates a current limiting device according to another embodiment 
of the invention. The current limiting device 200 includes first and second 
electrodes 210, 212 an electrically conductive composite material 220 
positioned tietween the electrodes, and at least one thin layer 224 which is 

20 positioned perpendicular to the direction of current flow and has a higher 
resistance than the average resistance for an average layer of the same 
thickness and orientation in the device. The thin layer 224 may be, for 
example, a layer which includes opposing surfaces of one of the electrodes 
210, 212 and the composite material 220, wherein the higher resistance 

25 ■ derives from the contact resistance between the electrode and composite 
material. The thin layer 224 may also be formed anywhere between the 
electrodes, for example as shown in Figure 4, and by methods other than 
contact resistance, as discussed above. 

10 
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The current limiting device 200 is typically under compressive pressure in a 
direction perpendicular to the selected thin high resistance layer, as indicated 
by the arrows labeled "P" in Rgure 2. The composite material 220 typically 
comprises a low pyrolysis temperature binder and conducting filler, examples 
5 of which are described below, that is pressure contacted to the electrodes so 
that* there is a contact resistance' between the~ material and one or both 
electrodes. In operation, the device is placed in series with the electrical 
circuit to be protected. 

As shown in Figure 2, the cunrent limiting device 200 also includes a 
10 reinforcing web 230 which is disposed within the composite material 220. The 
web 230 typically takes the form of a three-dimensipnal network of connected, 
continuous strands. According to this embodiment, the web 230 may extend 
all the way from one electrode 210 to the other electrode 212, and may be in 
physical contact with one or both electrodes. The strands of the web typically 
15 comprise an electrically insulative material, having a specific resistivity greater 
than 10^ ohm-cm, for example. The strands of the web are typically 
sufficiently compliant to facilitate or allow reformation of the separated layers 
after a switching event. The strands of the web 230 may comprise glass, 
fiberglass, nylon, polyester, graphite fibers, boron fibers, cotton, modified 
20 cotton, rayon, cellulose, a cellulose derivative, an acrylic, polycarbonate, 
polyurethane, or a polyaramid (KEVLAR), for example. 

The compliant nature of the web 230 allows the web to yield as the composite 
material 220 ablates in the selected thin layer 224, e.g. at the interface 
between the composite material and the electrode, during a switching event. 

25 Yielding of the web 230 along with the ablation of the composite material 230 
facilitates or allows the current limiting device 200 to return or reform into its 
nonseparated state due to compressive pressure P which pushes the 
separated layers (e.g. the composite material and electrode) together, it is 
believed that once the layers of the current limiting device have returned to 

30 the nonseparated state or the low resistance state, the current limiting device 
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is fully operational for future current-limiting operations in response to other 
short-circuit events. 

The web 230 may be generally in the form of a two-dimensional mesh, if 
desired. In Figure 2, the size and configuration of the web 230 relative to the 

5 size of the composite material 220 is provided, as an example, and those 
skilled in the art will recognize that other configurations are possible. The web 
230 provides reinforcement to the composite material 220 to prevent cracking 
or breaking of the composite material 220 during a switching event, in which a 
substantial amount of energy is typically directed to the composite material. If 

10 enhanced strength is desired, the strands of the web can be fonned of a 
metal such as nickel, aluminum, silver, or copper, for example. 

The embodiments shown in Rgures 1-2 can be formed by impregnating the 
web with the composite material. For example, according to one 
emt>odiment a web-reinforced current limiting device can be fabricated by 
15 placing the desired web or mesh in the same type of mold In which the mesh- 
free composite material is formed, together with the composite material, and 
curing the composite material by application of heat and pressure. Molding 
conditions are of course adjusted appropriately to be compatible with the 
composition of the web material. 

20 Figure -3 illustrates a current limiting device 300 according to a further 
embodiment of the Invention. In Figure 3. the cunBnt limiting device 300 
includes first and second electrodes 310, 312 and an electrically conductive 
composite material 320. According to this embodiment, the composite 
material 320 itself is in the fomn of a web 330 having continuously connected 

25 strands 332. The strands of the web 330 typically are connected to one 
another at a plurality of nodes to form a three-dimensional network structure. 
The network structure may have a regular pore structure between strands. 

The current limiting device 300 Is formed to have an inhomogeneous 
distribution of resistance structure. The inhomogeneous distribution of 

12 
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resistance is typically provided by at least one thin layer positioned 
perpendicular to the direction of current flow which has a higher resistance 
than the average resistance for an average layer of the same thickness and 
orientation in the device. The thin layer 324 may be, for example, a layer 

5 which includes opposing surteces of one of the electrodes 310, 312 and the 
composite material 320, whereiri the higher resistance derives from the 
contact resistance between the electrode and composite material. The thin 
layer may also be formed anywhere between the electrodes, as shown for 
example in Figure 4, and by methods other than contact resistance, as 

10 discussed atx>ve. 

Interspersed between the strands 332 of the web 330 is a compressible 
material 340 which reduces mechanical stresses on the composite material 
320 during a switching event. The compressible material 340 may also have 
a high thermal conductivity to reduce thermal stresses on the composite 

15 material. The compressible material 340 may be a polymer, for example, 
which is more compressible and has a higher thermal cohductivity that the 
composite material 320. Examples of a suitable compressible material 340 
include natural and synthetic rubbery materials, such as a silicone rubber, an 
elastomer such as silicone (polyorganosiloxane). (poly)urethane, isoprene 

20 rubber, and neoprene. The compressible material 340 may also comprise air, 
for example. 

The compressible material 340 typically has a sufficient dielectric strength to 
prevent an arc from striking directly between the two electrodes 310, 312. In 
order to prevent an arc, the compressible material 340 Is typically in dose 
25 physical contact with the surrounding composite material 320, The 
compressible material 340, for example, can be adhered to the surrounding 
composite material 320. Fillers can be added to the compressible material 
340, for example to enhance dielectric strength or thermal conductivity. 
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Forming the composite material 320 In the shape of a web or mesh pemtiits 
the composite material to dissipate heat more efficiently and to expand freely 
into the space occupied by. the compressible material 340 adjacent to the 
composite material 320. Relief of stresses, e.g.. mechanical and thermal 
stresses, caused by high cunrenl and voltage, helps to eliminate cracking and 
shattering of the composite material 320. 

The embodiment shown irt Figure 3 can be fomned by first forming a solid 
block of composite material, and then converting the composite material into a 
web fomi by cutUng out appropriate portions. For example, cavities can be 
bored In the composite material and filled with the compressible material. 
Alternatively, the composite material can be mokJed directly in the fomi of a 
web structure. Such a mold contains inserts corresponding to the openings in 
the web. The openings In the web can be subsequently filled with the 
compiBSsible material, for example, by placing the web-shaped composite 
material in a mold. filHng the mold with the compressible material, and curing 
the compressible material at a suitable temperature and pressure. 
Alternatively, the embodiment of Figure 3 can be made by fbmiing the 
compressibte material Into particles of a suitable size, dispersing the particles 
in the composite material, and solidifying the composite material around the 
) partides. 

Examples of compositions of the composite materials 120, 220. 320 will now 
be described. 



Example 1 

5 The electrically conductive composite material comprises an elastomer, 
specifically silicone, as the binder material and a metal, specifically silver, as 
the filler material and has a resistivity of about 0.004 ohm-cm. The silver-filled 
curabte silteone material (elastomer) can be made by mixing two parts. A and 
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B. The A part comprises a vinyl silicone organopolysiloxane fluid having 
terminal dimethyivlnylsiloxy unite and dimethyisiloxy unite with a viscosity of 
400 cps at 25*C (23g), the following silver particles from Ames Goldsmith 
Corp.. Ag 4300 (46.6g). Ag 1036 (37.3g) and Ag 1024 (37.3g). and a silicone 

5 hydride siloxane fluid having temninal trimethyl siloxy unite to provide a fluid 
with about 0.8% by weight diernically combined hydrogen atlached to silicon- 
(1g). The B part comprises the vinyl silicone organopolysiloxane fluid having 
terminal dimethyivlnylsiloxy unite and dimethyisiloxy unite with a viscosity of 
400 cps (2g). dimethyl maleate (14 ^L) and Karstedt's platinum catalyst (83 

10 jiL of a 5% platinum solution in xylene) [for details see U.S. Patent No. 
3.775,452. B.D. Karstedt (1973)1. The A component (40g) and B component 
(0.44g) are mixed and then poured into a mold and then cured in a Carver 
press at 150'C. 30 minutes at 5000 pounds pressure. 

The electrodes may comprise copper electroplated with nickel and are 
15 typically pressure contected to the composite material. The electrodes are 
typically about 1/4 Inch in diameter and are centered on the composite 
material which has about a 3/4 Inch diameter and a thickness dimension of 
about 1/8 inch. Pressure can be applied by placing a force of about 3.7 kg 
across the electrodes with a pressurizer, e.g. a spring, which resulte in a 
20 pressure of atMut 1 70 psi. 



Example 2 

According to this example, the composite material comprises a thennoset 
binder, specifically an epoxy binder and a metel. speciflcally nickel powder, as 
25 the conducting filler material. This material, which is availabte as N30 
material from Epoxy-Technology. Inc.. has a resistivity of about 0.02-0.03 
ohm-cm and does not rely on a PTCR effect to limit current. The electrodes 
may comprise copper electroplated with nickel. Pressure can be applied by 
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placing a force of about 8.2 kg across the electrodes with a pressurizer, 
resulting In a pressure of about 370 psi. 

Example 3 

5 According to this example, a thermoset binder, specifically an epoxy binder, 
with a metal filler, specifically silver, is prepared using the following silver 
particles from Ames Goldsmith Corp.. Ag 4300 {5.6g). Ag 1036 (4.2g), Ag 
1024 (4.2g), and a two component commercial epoxy (Epotek 301) obtained 
from Epoxy Technology Inc. The epoxy resin (2,3g) is mixed with the 

10 hardener (0.6g) and then the silver particles are added and the mixture is 
placed in a Teflon® mold and cured at 60'C for 1 hour. The electrodes can 
be made of Ni-coated Cu and can be applied with a pressure of about 170 psi, 
for example. 



15 Example 4 

An elastomer binder, specifically a silicone binder, with a two-component 
metal conducting filler, specifically silver and aluminum, as the conducting 
filler, can be prepared by mixing two parts, A and B. The A part comprises a 
vinyl silicone organopolysiloxane fluid having tenninal dimethylvinylsiloxy units 

20 and dimethylsiloxy units (400 cps. 23g). 37.3g of aluminum powder, the 
following silver particles from Ames Goldsmith Corp.. Ag 4300 (46.6g). Ag 
1036 (37.3g). and Ag 1024 (37.3g). and a silicone hydride siloxane fluid 
having tennlnal trimethyl siloxy units to provide a fluid with about 0.8% by 
weight chemically combined hydrogen attached to silicon (1g). The B part 

25 comprises vinyl silicone organopolysiloxane fluid having temilnal 
dimethylvinylsiloxy units and dimethylsiloxy units with a viscosity of 400 cps 
(2g). dimethyl maleate (14 ^iL) and Karstedt's platinum catalyst, mentioned 
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above (33 of a 5% platinum solution in xylene). The A component (40g) 
and B component (0.44g) are mixed and then poured into a mold and then 
cured in a Carver press at about 150^C for about 30 minutes at about 5000 
pounds pressure. The electrodes can be made of either Ni-coated Cu or an 
5 n-type Si (semiconductor), for example, and applied to the composite material 
with a pFessure of abolit 170 psL " " 



Example 5 

A reinforced elastomer binder, specifically a curable silicone reinforced with 
10 fumed silica, with a two component metal filler, specifically silver and 
aluminum, can be made with an A part and a B part. The A part is composed 
of an elastomer binder, specifically a vinyl silicone organopolysiloxane fluid 
having terminal dimethylvinylsiloxy units and dimethylsiloxy units (400 cps, 
23g), a silicone hydride siloxane fluid having tenminai trimethyl siloxy units to 
15 provide a fluid with about 0.8% by weight chemically combined hydrogen 
attached to silicon (2g), doubly treated fumed silica (300 m^/g, treated with 
cyclo-octamethyltetrasiloxane and with hexamethyldisilazane, 1.'2g), 
aluminum powder (37.3g), silver particles from Ames Goldsmith Corp., Ag 
4300 (46,6g), Ag 1036 (37.3g), Ag 1024 (37.3g). The B part is composed of 
20 the vinyl silicone organopolysiloxane fluid having terminal dimethylvinylsiloxy 
units and dimethylsiloxy units (400 cps, 2g), dimethylmaleate (14 ^L) and 
Karstedt's platinum catalyst (83 ^L). A curable formulation can be prepared by 
combining the A part (40g) and the B part (0.44g) and then hand mixing and 
placing in a mold. Cure can be accomplished in a Carver press at 5000 
25 pounds pressure and ISO^C for 30 min. The electrodes can be made of Ni- 
coated Cu and applied to the composite material with a pressure of about 6 
psi, for example. 
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Example 6 

A thermoplastic binder, specifically Poiy(ethylene glycol), with a metal filler, 
specifically silver, as the oonducUng filler can be made. A silver particle 
mixture comprising the following particles from Ames Goldsmith Corp.. Ag 
4300 (2.8g). Ag 1036 (2.1g). Ag 1024 (2.1g) js heated to about SOX and then 
poured into molten Poly(ethyleneglycol) {MW8000) at about 60'C and mixed. 
The material is then poured into a Teflon® mold and allowed to harden at 
room temperature. The electrodes can be made of Nl-coated Cu and applied 
to the composite material with a pressure of about 6 psi. for example. 



10 



Example 7 

AocortJing to this example, the composite material comprises a polymeric 
matrix material and a conductive filler. The polymeric matrix material 
comprises at least one epoxy and at least one silicone. The epoxy for the 
1 5 polymeric matrix material is selected from the group comprising condensation 
products of epichlorohydrin and bisphenol-A (Epon 828 Shell), an epoxy- 
functionalized silicone monomer, for example DMSE01 (Gelest Inc.). Araldlte 
DT025 (CIBA). butyl glycldyl ether (epoxy). and other suitable epoxy 
materials. 

20 The epoxy component typically comprises about 10-90% by weight of the 
polymeric matrix material. The silicone for the polymeric matrix material is 
selected from the group consisting of epoxy-functionalized silicone monomer, 
for example DMSE01 (Gelest Inc.). dimethylsiloxane. poly 
Umethyl)(amlnoethylaminopropyl)siloxane (PMAS). and Aminosilicone 

25 (Magnasoft ULTRA from WITCO Corp.). and is provided In a range of about 
10-80% by weight of the polymeric matrix material. 

The conductive filler material is typically selected from the group comprising 
nickel powder, silver, and carbon black. The conductive filler material 
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comprises about 50% to about 90% by weight of the total composite material, 
with the polymeric matrix material comprising the remainder of the composite 
material. 

The composite material exhibits good thermal and structural stability at 
5 temperatures greater than 100''C. The composite material is mechanically 
robust and structurally stable to withstand repeated high current states. The 
mechanical robustness of the composite material is believed to be due, at 
least In part, to the incorporation of silicone into the polymeric matrix, which 
provides bonds that are able to withstand large forces. The resistance stability 
10 of the composite material after repeated high current events is believed to be 
partially due to chemical bonds derived from epoxy groups. This and other 
suitable composite materials are described in commonly-owned U.S. Serial 
No. 09/081 ,888. which is hereby incorporated by reference. 

15 Examples 

According to this example, the composite material comprises an 
organic binder and a conductive filler. The organic binder comprises a high 
Tg epoxy, a low viscosity polyglycol epoxy, and at least one curing agent. 
The high Tg epoxy is typically provided in a range of at least 70% by weight of 

20 the organic binder. The high Tg epoxy may comprise, for example, novolac or 
a bisphenol A structure. The low viscosity polyglycol epoxy typically 
comprises up to about 30% by weight of the organic binder. One example of 
a low viscosity polyglycol epoxy is DER 736, available from Dow Chemical 
Corp. The low viscosity polyglycol epoxy provides flexibility to the high Tg 

25 epoxy. The curing agent of the organic binder may comprise a conventional 
curing agent for an epoxy such as an acid, amine, anhydride, or a free radical 
initiator. One example of a curing agent is a boron trichloride amine complex. 
DY9577, available from Ciba Geigy Corp. The curing agent may be provided 
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In an amount of about 2-10% of the combined mass of the high Tg epoxy and 
low viscosity polyglycol epoxy. 

The conductive filler may comprise, for example, a fine nickel powder such as 
Ni 255 air classified fines Ni powder, available from Novamet Corp. The 
5 conductive filler typically comprises about 55-70% by weight of the composite 
material* and the organic binder typically comprises about 45-30% by weight 
of the composite material. This and other suitable composite materials are 
described in commonly-owned U.S. Serial No. 08/896,874, which is hereby 
incorporated by reference. 

10 

Example 9 

The composite material comprises a conductive filler material and at least one 
organic binder. The organic binder typically comprises at least one 
thermoplastic polymer matrix. The polymer of the polymer matrix is typically 

15 made from at least one cyclic thermoplastic oligomer. Examples of suitable 
cyclic oligomers include cyclic polycarbonates (see U.S. Patent No. 
4,727,134). cydic polyesters (see U.S. Patent No. 5,039,783), and cyclic 
polyamides (see U.S. Patent No. 5.362,845). The composite material can be 
made, for example, by dry blending the cyclic oligomer with a suitable 

20 polymerizafion initiator and a conductive filler. The dry blending provides for a 
unifomi dispersion of the conductive filler, e.g. nickel, in the cydic oligomer 
and conducHve filler mixture. The dry-blending is then followed by 
application of heat and pressure to consolidate the composite material and 
polymerize the cydic oligomer. Since there is typically no flow of the material 

25 while under pressure, the uniform dispersion of the conductive filler in the 
cydic oligomer is maintained. 

The composite material can also be formed by solution blending a 
cyclic oligomer with an initiator and conductive filler; or melting the cydic 
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oligomer to a low viscosity melt and mixing the oligomer with the conductive 
filler and an initiator. 

Thermoplastic polymers provide mechanical robustness to the composite 
material. Thermoplastic polymers also provide enhanced softening and flow 
? fl* elevated temperatures, which can be advant ageou s in regaining a low 
resistance state after the ablation of a switching event. The enhanced flow, 
for example, is believed to provide an increase in effective contact area as the 
current limiting device regains its low resistance state. This and other suitable 
compostte materials are described in commonly-owned U.S. Serial No. 
1 0 08/977,672. which is hereby incorporated by reference. 

Other examples of binder materials having a low pyrolysis or vaporization 
temperature, e.g. < 800* C. Include a themioplastic. for example, 
polytetrafluoroethylene. poly(ethyleneglycoi), polyethylene. polycartDonate, 
polyimlde, polyamide, polymethylmethacrylate, polyester, liquid crystal 

15 polyester, polypropylene. poly(phenylene sulfide), etc.; a thermoset plastic, for 
example, epoxy, polyester, polyurethane, phenolic, alkyd; an elastomer, for 
example, silicone (polyorganosiloxane). (poly)urethane, isoprene rubber, 
neoprene. etc.; an organic or inorganic crystal. Other examples of electrically 
conducting fillers include nickel, silver, copper, caritx>n black, titanium dioxide, 

20 titanium boride, cartoon, and graphite. 

Third phase fillers can be used to improve specific properties of the composite 
such as the mechanical or dielectric properties, or to provide arc-quenching 
properties or flame-retardant properties. Materials which could be used as a 
third phase filler in the composite material include: a filler selected from 

25 reinforcing fillers such as fumed silica, or extending fillers such as precipitated 
silica and mixtures thereof. Other fillers include titanium dioxide, lithopone. 
zinc oxide, diatomaceous silicate, silica aerogel, iron oxide, diatomaceous 
earth, calcium carbonate, sHazane treated silicas, silicone treated silicas, 
glass fibers, magnesium oxide, chromic oxide, zirconium oxide, alpha-quartz. 

30 calcined clay, carbon, graphite, cork, cotton sodium bicarbonate, boric acid, 
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alumina-hydrate, etc. Other additives may Include: Impact modifiers for 
preventing damage to the cunrent llmlter such as cracking upon sudden 
impact; flame retardant for preventing flame formation and/or inhibiting flame 
formation in the current limiter, dyes and colorants for providing specific color 
5 components in response to customer requirements; UV screens for 
preventing reduction in component physical properties due to exposure to 
sunlight or other forms of UV radiation. 

Finally, the current limiter of the present invention can be utilized with one or 
more parallel linear or nonlinear circuit elements such as resistors or varistors. 

10 . Other embodiments of the invention will be apparent to those skilled in the art 
from a consideration of this specification or practice of the invention disclosed 
herein. It is intended that the specification and examples be considered as 
exemplary only, with the true scope and spirit of the invention being defined 
by the following claims. 
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WHAT IS CLAIMED IS: 



1. A current limiting device comprising: 

first and second electrodes; 

5 a composite material between the first and second electrodes, the 

composite material comprising: (a) a binder, and (b) an electrically conductive 
filler; 

a thin layer which provides an inhomogeneous distribution of 
resistance to the device; 

10 a web which reinforces the composite material; and 

a pressurizer for pressing the electrodes against the composite 
material; 

wherein the web is disposed in a volume of the composite material which 
does not include the thin layer. 

15 

2. The device of claim 1 , wherein the thin layer includes opposing 
faces of the first electrode and the composite material, and the 
inhomogeneous distribution of resistance is derived from a contact resistance 
between the first electrode and the composite material. 

20 

3. The device of claim 1 , wherein the composite material is formed in 
two halves, the thin layer includes opposing faces of the two halves, and the 
inhomogeneous distribution of resistance is derived from a contact resistance 
between the two halves. 
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4. The device of claim 1 , wherein the pressurizer comprises a spring. 



5. The device of claim 1 , wherein the web comprises a mete|l. 



6. The device of claim 1 , wherein the web comprises at least one of 
nickel, aluminum, sliver, and copper. 



7. The device of da'im 1. wherein the web comprises at least one of: 
10 glass, fiberglass, nylon, polyester, graphite fiber, boron fiber, cotton, rayon, 
cellulose, acrylic, polycarbonate, polyurethane, and polyaramid. 



8. The device of daim 1, wherein the binder has a pyrolysis or 
vaporization temperature, at which significant gas evolution occurs, of less 
15 than 800* C. 



9. The device of daim 8, wherein the inhomogeneous distribution of 
resistance causes resistive heating and rapid thermal expansion and 
vaporization of the binder during a short drcuit. 



20 



10. The device of claim 1, wherein the web comprises a tiiree- 
dimensional network of connected, continuous strands. 
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11. The device of claim 10, wherein the strands are connected at 
nodes to form a network structure. 



12. The device of dalm 1, wherein the web is in the form of a two- 
dimensional mesh. — 



13. A current limiting device comprising: 
first and second electrodes; 

a composite material between the first and second electrodes, the composite 
material comprising: (a) a binder, and (b) an electrically conductive filler; 

a web disposed in the composite material, the web being fomied of an 
electrically insulative material; 

a thin layer which provides an inhomogeneous distribution of 
resistance to the device; and 

a pressurizer for pressing the electrodes against the composite material. 

14. The device of claim 13, wherein the web comprises at least one of: 
glass, fiberglass, nylon, polyester, graphite fiber, boron fiber, cotton, rayon, 
cellulose, acrylic, polycarbonate, polyurethane. and polyaramid. 



15. The device of claim 13. wherein strands of the web are sufficiently 
compliant to allow the pressurizer to force the composite material into contact 
with the first electrode after a switching event. 
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16. A current limiting device comprising: 
first and second electrodes; 

a composite material between ttie first and second electrodes, the 
5 composite material being in the form of a web. the composite material 
comprising: (a) a binder, and (b) an electrically conductive fillen 

a compressible material which occupies spaces within the web; and 

a pressurizer . for pressing the electrodes against the composite 
material. 

10 

17. The device of claim 16, wherein the web comprises a network of 
connected strands of the composite material. 

18. The device of claim 17, wherein the compressible material 
15 comprises at least one of. silicone, polyurethane, isoprene rubber, and 

neoprene. 
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